The hexosamine pathway has been implicated in the pathogenesis of diabetic complications. We determined first that hyperglycemia induced a decrease in glyceraldehyde-3-phosphate dehydrogenase activity in bovine aortic endothelial cells via increased production of mitochondrial superoxide and a concomitant 2.4-fold increase in hexosamine pathway activity. Both decreased glyceraldehyde-3-phosphate dehydrogenase activity and increased hexosamine pathway activity were prevented completely by an inhibitor of electron transport complex II (thenoyltrifluoroacetone), an uncoupler of oxidative phosphorylation (carbonyl cyanide m-chlorophenylhydrazone), a superoxide dismutase mimetic [manganese (III) tetrakis(4-benzoic acid) porphyrin], overexpression of either uncoupling protein 1 or manganese superoxide dismutase, and azaserine, an inhibitor of the rate-limiting enzyme in the hexosamine pathway (glutamine:fructose-6-phosphate amidotransferase). Immunoprecipitation of Sp1 followed by Western blotting with antibodies to O-linked GlcNAc, phosphoserine, and phosphothreonine showed that hyperglycemia increased GlcNAc by 1.7-fold, decreased phosphoserine by 80%, and decreased phosphothreonine by 70%. The same inhibitors prevented all these changes. Hyperglycemia increased expression from a transforming growth factor-␤ 1 promoter luciferase reporter by 2-fold and increased expression from a (؊740 to ؉44) plasminogen activator inhibitor-1 promoter luciferase reporter gene by nearly 3-fold. Inhibition of mitochondrial superoxide production or the glucosamine pathway prevented all these changes. Hyperglycemia increased expression from an 85-bp truncated plasminogen activator inhibitor-1 (PAI-1) promoter luciferase reporter containing two Sp1 sites in a similar fashion (3.8-fold). In contrast, hyperglycemia had no effect when the two Sp1 sites were mutated. Thus, hyperglycemia-induced mitochondrial superoxide overproduction increases hexosamine synthesis and O-glycosylation of Sp1, which activates expression of genes that contribute to the pathogenesis of diabetic complications. D iabetic hyperglycemia causes a variety of pathologic changes in small vessels, arteries, and peripheral nerves (1, 2). Three major hypotheses about how hyperglycemia causes diabetic complications have generated extensive data as well as several clinical trials based on specific inhibitors of these pathways (3-6). These three pathways-activation of protein kinase C isoforms (7), increased formation of glucose-derived advanced glycation endproducts (3), and increased glucose flux through the aldose reductase pathway (8)-recently have been shown to be consequences of a single common mechanism, hyperglycemia-induced mitochondrial superoxide overproduction (1).
D
iabetic hyperglycemia causes a variety of pathologic changes in small vessels, arteries, and peripheral nerves (1, 2) . Three major hypotheses about how hyperglycemia causes diabetic complications have generated extensive data as well as several clinical trials based on specific inhibitors of these pathways (3) (4) (5) (6) . These three pathways-activation of protein kinase C isoforms (7) , increased formation of glucose-derived advanced glycation endproducts (3) , and increased glucose flux through the aldose reductase pathway (8)-recently have been shown to be consequences of a single common mechanism, hyperglycemia-induced mitochondrial superoxide overproduction (1) .
A fourth hypothesis about how hyperglycemia causes diabetic complications has been formulated recently (9, 10) , in which glucose is shunted into the hexosamine pathway. Inhibition of the rate-limiting enzyme in the conversion of glucose to glucosamine, glutamine:fructose-6-phosphate amidotransferase, blocks hyperglycemia-induced increases in the transcription of both transforming growth factor-␣ (9) and transforming growth factor-␤ 1 (TGF␤ 1 ; ref. 10 ). This pathway has been shown previously to play an important role in hyperglycemia-induced and fat-induced insulin resistance (11) (12) (13) .
The mechanism by which increased flux through the hexosamine pathway mediates hyperglycemia-induced increases in gene transcription is not known, but the observation that Sp1 sites regulate hyperglycemia-induced activation of the PAI-1 promoter in vascular smooth muscle cells (14) suggests that covalent modification of Sp1 by GlcNAc may explain the link between hexosamine pathway activation and hyperglycemiainduced changes in gene transcription. Virtually every RNA polymerase II transcription factor examined has been found to be O-GlcNAcylated (15) , and the glycosylated form of Sp1 seems to be more transcriptionally active than the deglycosylated form of the protein (16) . A 4-fold increase in Sp1 O-GlcNAcylation caused by inhibition of the enzyme O-GlcNAc-␤-N-acetylglucosaminidase resulted in a reciprocal 30% decrease in its level of serine͞threonine phosphorylation, supporting the concept that O-GlcNAcylation and phosphorylation compete to modify the same sites on this protein (17) .
In the present study, we show that hyperglycemia-induced mitochondrial superoxide overproduction inhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity and activates the hexosamine pathway, presumably by diverting the upstream metabolite fructose-6-phosphate from glycolysis to glucosamine formation. Hyperglycemia-induced activation of the hexosamine pathway increases O-GlcNAcylation and decreases serine͞threonine phosphorylation of the transcription factor Sp1. Hyperglycemiainduced O-GlcNAcylation of Sp1-increased Sp1 transactivation and Sp1-dependent expression of both TGF␤ 1 and PAI-1 (Fig. 1) .
Experimental Procedures
Materials. Eagle's MEM, nonessential amino acids, and antibiotics were from GIBCO. FBS was from HyClone. Thenoyltrifluoroacetone (TTFA), carbonyl cyanide m-chlorophenylhydrazone (CCCP), azaserine, monoclonal anti-phosphoserine, and anti-phosphothreonine antibodies were purchased from Sigma.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. GAPDH Activity. BAECs were grown to confluency, harvested by using trypsin-EDTA after washing twice with PBS, and resuspended in lysis buffer. The lysate was sonicated on ice. The cytosolic fraction was prepared by centrifuging the lysate at 100,000 ϫ g at 4°C for 30 min. Protein was measured by using the Bio-Rad Coomassie Plus Protein Assay System. Enzyme activity was determined as described (18) . Briefly, 1-5 g of cytosolic protein was added to 1 ml of assay buffer at room temperature, and the OD was measured at 340 nm. The initial measurement time was 10 sec for 1 min and then every minute for 60 min. Activity was expressed as nmol͞sec per mg of protein.
12222-12226
UDP-GlcNAc Concentration. UDP-GlcNAc concentration was determined as described (19) . Cells were homogenized in three volumes (Ϸ600 l) of cold 0.6 M perchloric acid and kept at 0°C for 10 min. The precipitated proteins were removed by centrifugation for 5 min at 13,500 ϫ g, and the supernatant was diluted in four volumes of 0.01 M potassium dihydrogenphosphate, adjusted to pH 2.5 with aqueous 1 M dipotassium hydrogenphosphate, and rediluted with two volumes of 0.01 M potassium dihydrogenphosphate (pH 2.5). Before injection into the HPLC system, the cell extracts were subjected to solid-phase extraction on a 3-ml ion-exchange cartridge (LC-SAX; Supelco) by using aqueous potassium dihydrogenphosphate solutions of increasing molarity: 10 mM (5 ml), 50 mM (2.5 ml), 300 mM (2 ml), pH 2.5 .The 300 mM eluates were divided in fractions of 0.5 ml, and the two most concentrated fractions (containing 80% of the UDP-GlcNAc) were concentrated for subsequent HPLC analysis. Portions (700 l) of the fractions of UDP-GlcNAc were injected in duplicate into the HPLC system (LC18-T; Supelco), and the UDP-GlcNAc concentrations were determined by UV detection. ) were cultured in 6-well plates. Cells were cotransfected with luciferase-reporter plasmids (1 g͞ml) and pRL renilla luciferase plasmids (1 g͞ml) by using GenePorter reagent. Cells were incubated with 5 mM glucose, 30 mM glucose, 30 mM glucose plus 10 M TTFA, 0.5 M CCCP, 100 M TBAP, or 5 M azaserine for 48 h. Cells were infected with UCP-1 adenovirus, MnSOD adenovirus, or control adenovirus 48 h before luciferase plasmid transfection. Cell lysates were obtained by using 250 l per well of cell lysis buffer (Promega). Luciferase activity was measured by using 20 l of cell lysate per assay tube in an Autolumat machine (LB 953; EG&G Berthold, Oak Ridge, TN). Luciferase transfection efficiency was normalized by dual-luciferase analysis by using pRL renilla luciferase control. Reporter constructs included pA835luc (20) , containing Ϫ835 bp of the TGF␤ 1 gene promoter; pA3luc (21) , containing Ϫ744 bp of the PAI-1 promoter; pGluc 85, containing Ϫ85 bp of the PAI-1 promoter; and pGluc 85 mSP-1 AϩB , in which the two Sp1 sites of pGluc 85 were mutated (14) . pGluc 85 and pGluc 85 mSP-1 AϩB were generously provided by Douglas E. Vaughan (Departments of Medicine and Pharmacology, Vanderbilt University, Nashville, TN).
Immunoprecipitation (IP).
BAECs were plated in 100-mm cell culture plates and grown to confluency. Cells (2 ϫ 10 7 ) were scraped from the plates, pelleted, and washed twice with cold PBS. The pellet was resuspended in cold lysis buffer (0.5 ml) and incubated on ice for 30 min with gentle vortexing. Cellular debris was pelleted for 20 min at 75,000 ϫ g at 4°C. The supernatants were dialyzed against the binding buffer at 4°C, overnight. Protein (500 g) was immunoprecipitated with 4 g of Sp1 antibody (rabbit polyclonal; Santa Cruz Biotechnology) and 20 l of Protein A Sepharose 4B (Amersham Pharmacia) in binding buffer (final concentration 1 g of protein per l), and the samples were rotated overnight at 4°C. The IP complexes were pelleted by centrifugation (1,000 ϫ g) and washed 4 to 5 times with binding buffer. The pellet was resuspended in 1ϫ sample buffer, boiled, and analyzed by SDS͞7.5% PAGE with Western blotting.
Western Blotting. IP Sp1 proteins electrophoresed on 7.5% PAGE gels were transferred onto a nitrocellulose membrane. The immunoblots were developed with a 1:1,000 dilution of affinitypurified monoclonal antibodies against GlcNAc (Affinity BioReagents, Neshanic Station, NJ), phosphoserine, phosphothreonine, or Sp1 (Sigma). The signal was detected with an enhanced chemiluminescence kit according to the manufacturer's instructions (Amersham Phamacia), and the images were scanned into a Molecular Dynamics FluorImager and analyzed by using the IMAGEQUANT 5.5 program. Fig. 1 . Schematic mechanism by which hyperglycemia-induced mitochondrial superoxide overproduction activates the hexosamine pathway and increases Sp1-dependent gene expression. Increased glycolysis generates superoxide by increasing the proton electrochemical gradient generated by the mitochondrial electron transport chain (1, 34) . Superoxide, thus generated, partially inhibits GAPDH enzymatic activity, diverting fructose-6-phosphate into the hexosamine pathway and increasing UDP-GlcNAc. This increase leads to increased O-GlcNAcylation of Sp1, increased SP1 transactivation, and Sp1-dependent gene expression. Statistics. Data were analyzed by using the one-factor ANOVA procedure to compare the means of all groups. The TukeyKramer multiple-comparisons procedure was used to determine which pairs of means were different.
Results
Effect of Hyperglycemia-Induced Mitochondrial Superoxide Overproduction on GAPDH Activity. Hyperglycemia induces mitochondrial superoxide overproduction in BAECs (1). Because GAPDH activity is reversibly inhibited by increased reactive oxygen species (22) , the effect of 30 mM glucose on GAPDH activity was assessed (Fig. 2) . Hyperglycemia reduced GAPDH activity by 66%, from 101.1 Ϯ 4.8 nmol͞sec per mg for 5 mM glucose to 34.9 Ϯ 3.4 nmol͞sec per mg for 30 mM glucose. Inhibition of mitochondrial superoxide overproduction by TTFA, an inhibitor of complex II; CCCP, an uncoupler of oxidative phosphorylation; or TBAP, a superoxide dismutase mimetic, (1, 23) completely prevented the reduction in GAPDH activity induced by 30 mM glucose. Overexpression of UCP-1 or MnSOD also prevented the effect of hyperglycemia, whereas antisense cDNA in the same gene transfer vector did not. In contrast, azaserine, an inhibitor of the hexosamine pathway, had no effect on GAPDH activity. GAPDH protein levels, as assessed by Western blot, were unaltered by any of the incubation conditions (data not shown).
Effect of Hyperglycemia-Induced Mitochondrial Superoxide Overproduction on Hexosamine Pathway Activity. Inhibition of GAPDH activity increases intracellular levels of glyceraldehyde-3-phosphate (22) and thus may increase levels of proximal glycolytic intermediates such as fructose-6-phosphate levels as well. Therefore, the effect of hyperglycemia-induced GAPDH inhibition on hexosamine pathway activity was assessed (Fig. 3 ). Hyperglycemia induced a 2.5-fold increase in BAEC UDP-GlcNAc levels, from 1.10 Ϯ 0.09 to 2.64 Ϯ 0.19 nmol͞mg of protein. Inhibition of mitochondrial superoxide overproduction by TTFA, CCCP, or TBAP completely prevented the increase in UDP-GlcNAc induced by 30 mM glucose. Overexpression of UCP-1 or MnSOD also prevented the effect of hyperglycemia, whereas antisense cDNA in the same gene transfer vector did not. Azaserine (11), a specific inhibitor of the rate-limiting enzyme in the hexosamine pathway glutamine:fructose-6-phosphate amidotransferase, also prevented this increase in UDP-GlcNAc.
Effect of Hyperglycemia-Induced Mitochondrial Superoxide Overproduction and Hexosamine Pathway Blockade on Sp1 O-Linked GlcNAc,
Phosphoserine, and Phosphothreonine. IP of Sp1 followed by Western blotting with antibodies to O-linked GlcNAc, phosphoserine, and phosphothreonine showed that hyperglycemia increased GlcNAc by 1.7-fold, whereas it decreased phosphoserine by 80% and phosphothreonine by 70% (Fig. 4) . TTFA, CCCP, TBAP, and azaserine reduced GlcNAc by 95% and restored phosphoserine and phosphothreonine levels to normal. Overexpression of UCP-1 or MnSOD also prevented the effect of hyperglycemia (Fig. 5) . 
Effect of Hyperglycemia-Induced Mitochondrial Superoxide Overproduction and Hexosamine Pathway Blockade on TGF␤1 and PAI-1
Promoter Activity. Hyperglycemia increased transcriptional activity of a TGF␤ 1 promoter construct by 2-fold (Fig. 6A) , similar to that reported in murine and porcine mesangial cells (10, 20) . Inhibition of mitochondrial superoxide overproduction by TTFA, CCCP, or TBAP completely prevented the increase in TGF␤ 1 transcription induced by 30 mM glucose (Fig. 6A) . Overexpression of UCP-1 or MnSOD also prevented the effect of hyperglycemia, whereas antisense cDNA in the same gene transfer vector did not. Hexosamine pathway blockade by azaserine reduced the level of TGF␤ 1 transcription in the presence of 30 mM glucose to almost one third of that observed in the presence of 5 mM glucose. Hyperglycemia also increased transcriptional activity of a 744-bp PAI-1 promoter construct by nearly 3-fold (Fig. 6B) , similar to that reported in rat aortic smooth muscle cells (14) . TTFA, CCCP, TBAP, UCP-1, MnSOD, and azaserine prevented the increase in PAI-1 transcription induced by 30 mM glucose (Fig. 6B) . Together, these data suggest that hyperglycemia-induced increases in both TGF␤ 1 and PAI-1 transcription are mediated by increased hexosamine pathway activity resulting from mitochondrial superoxide overproduction diverting fructose-6-phosphate from glycolysis to the hexosamine pathway.
Effect of Hyperglycemia-Induced Mitochondrial Superoxide Overproduction and Hexosamine Pathway Blockade on Sp1-Dependent PAI-1
Promoter Activity. Because the hyperglycemia-responsive element of the PAI-1 promoter has been localized to sequence between Ϫ85
and Ϫ42 bp containing two Sp1 binding sites (14) , the effect of inhibitors of mitochondrial superoxide overproduction and of the hexosamine pathway was determined by using a promoter-deletion construct comprising 85 nucleotides of upstream sequence (pGL85). As shown in Fig. 7 , TTFA, CCCP, TBAP, UCP-1, MnSOD, and azaserine inhibited hyperglycemia-induced PAI-1 expression in a manner identical to that observed in Fig. 6B . In contrast, hyperglycemia had no effect when the two Sp1 sites in pGL85 were mutated (pGluc 85 mSP-1 A ϩ B ). Basal expression from pGluc 85 mSP-1 A ϩ B was not changed by any of the inhibitors (data not shown). These data indicate that the increase in PAI-1 expression induced by hyperglycemia reflects changes in Sp1 transactivation mediated by increased hexosamine pathway flux.
Discussion
We have recently shown that a single unifying mechanism, increased production of superoxide by the mitochondrial electron transport chain, serves as a causal link between elevated glucose and each of the three major pathways responsible for hyperglycemic damage (1) . In this paper, we show that this same mechanism is also responsible for abnormal activation of the hexosamine pathway in BAECs. The observation that hyperglycemia-induced superoxide overproduction inhibits GAPDH activity by 66% suggests that increased levels of the proximal glycolytic intermediate fructose-6-phosphate are diverted into the hexosamine pathway. Hyperglycemia-induced increases in TGF␤ 1 and PAI-1 promoter activity were prevented both by inhibiting mitochondrial superoxide production and by inhibiting the hexosamine pathway. A previous report had established a connection between hyperglycemia, the hexosamine pathway, and TGF␤ 1 (10) . In contrast, hyperglycemia, but not exogenous glucosamine, increased PAI-1 expression in vascular smooth muscle cells (14) . This lack of response to exogenous glucosamine may reflect low transport in that particular cell type. In our system, the observed effect on PAI-1 of increased mitochondrial superoxide production and the resultant increase in hexosamine pathway activity was mediated by changes in Sp1 transactivation. Both increased mitochondrial superoxide production and the resultant increase in hexosamine pathway activity increased modification of Sp1 by GlcNAc and reciprocally decreased Sp1 serine and threonine phosphorylation. The increased promoter activity resulting from hyperglycemiainduced modification of Sp1 by GlcNAc could reflect effects either on Sp1 binding or on the transcriptional activation function of Sp1. However, DNase I protection studies have shown that GlcNAc has no appreciable affect on the DNA binding activity of Sp1, although GlcNAc-modifed Sp1 is 3-to 5-fold more efficient at activating transcription than unglycosylated Sp1 synthesized in Escherichia coli (24) . Under conditions of glucose starvation, forskolin treatment reduces Sp1 binding by increasing the amount of Sp1 that is degraded by the proteosome (25) . However, in these experiments, the presence of 5 mM glucose blocked this effect, consistent with the constant amount of Sp1 protein present in the different conditions of our experiments.
The glutamine-rich transactivating domain of Sp1 contains a dominant O-GlcNAc epitope, and this modification was found to block Sp1 protein interactions (26) . Because negative regulation of Sp1 transactivation is correlated with the binding of other nuclear proteins to the amino terminus of the transactivation domain (p74 and the retinoblastoma-related protein p107), it seems likely that hyperglycemia-induced increases in GlcNAc modification of Sp1 activate transcription by blocking Sp1 interactions with such repressor proteins (27, 28) .
GlcNAc modification of Sp1 may regulate other glucoseresponsive genes in addition to TGF␤ 1 and PAI-1. Glucoseresponsive transcription is regulated by Sp1 sites in the acetylCoAcarboxylase gene, the rate-limiting enzyme for fatty acid synthesis, for example, and it seems that posttranslational modification of Sp1 is responsible for this effect (29, 30) . The L-pyruvate kinase gene, in contrast, contains an E box motif carbohydrate response element with two 5Ј-CACGTG motifs separated by 5 bp. However, synergy is required with additional nuclear factor binding sites to give a functional response (31) (32) (33) . Because virtually every RNA polymerase II transcription factor examined has been found to be O-GlcNAcylated (15) , it is possible that reciprocal modification by O-GlcNAcylation and phosphorylation of transcription factors other than Sp1 may function as a more generalized mechanism for regulating glucose-responsive gene transcription.
In addition to transcription factors, many other nuclear and cytoplasmic proteins are dynamically modified by O-GlcNAc moieties, and may exhibit reciprocal modification by phosphorylation in a manner analagous to Sp1 (15) . Thus, activation of the hexosamine pathway by hyperglycemia-induced mitochondrial superoxide overproduction may result in many changes in both gene expression and in protein function that contribute to the pathogenesis of diabetic complications. 
